This paper deals with the development and use of scaled-down models in order to predict the structural behavior of large prototypes. The concept is fully described and examples are presented which demonstrate its appficability to beam-plates, plates and cylindrical shells of laminated cons_ction. The concept is based on the use of field equations, which govern the response behavior of both the small model as well as the large prototype. The conditions under which the experimental data of a small model can be used to predict the behavior of a large prototype are called scaling laws or similarity conditions and the term that best describes the process is structural similitude. Moreover, since the term scaling is used to describe the effect of size on strength characteristics of materials, a discussion is included which should clarify the difference between "scaling law" and "size effect".
Clearly then, full-scale testing is in many cases necessary and always very expensive.
In Regardless of the application, a scaled-down (by a large factor) model (scale model) which closely represents the structural behavior of the full-scale system (prototype) can prove to be an extremely beneficial tool. This possible development must be based on the existence of certain structural parameters that control the behavior of a structural system when acted upon by static and/or dynamic loads.
If such structural parameters exist, a scaled-down replica can be built, which will duplicate the response of the fullscale system.
The two systems are then said to be structurally similar. The term, then, that best describes this similarity is structural similitude.
Historical Review
Similarity of systems requires that the relevant system parameters be identical and these systems be governed by a unique set of characteristic equations. Thus, if a relation of equation of variables is written for a system, it is valid for all systems which are similar to it. Simitses et al.2_ , and Rezaeepazhand and Simitses 2s) that deal with the design of scaled-down models and the use of test data of these models to predict the behavior of large prototypes. The behavior includes displacements, stresses, buckling loads, and natural frequencies of laminated beam-plates, plates and shells. In these studies, in the absence of model test data, the authors theoretically analyzed the models, and they used the similarity conditions, obtained by the use of the governing equations, to predict the behavior of the prototype. They then theoretically analyzed the prototype and they compared these results to the predictions. In most cases, the compared results were very close to each other and they concluded that the designed model can accurately predict the behavior of the prototype.
Very recently, Ochoa and her
similitude theory to a laminated cylindrical tube under tensile, torsion and bending loads and under external and internal pressure. They demonstrated the validity of developing a scale model, testing it and use the similarity conditions to predict the behavior of the prototype.
Scaling Effects in Composites
Considerable renewed interest has been exhibited in the broad field of scaling in the recent years, as evidenced by the multitude of research papers that have appeared in the technical literature. Before discussing any and all efforts, we must have a good understanding, for clear discussion of the meaning of the words that have been used. These words are scaling or scale effects, similarity conditions or scaling laws and size effects.
Scaling effects mean the effect of changing the geometric dimensions of a structure or structural component on the response to external causes. The external causes include all types of forces. Examples of the above is a beam made out of metallic material or man-made composite and subjected to bending. The main questions associated with predicting the response of the beam are: Are stiffness and strength affected by scaling? This means is the effective Young's modulus (both in tension and compression), which is usually obtained from small specimens affected by scale. In addition, is the strength affected by scale? Recognizing that beams are primarily designed for strength, the answer to the second question is important. On the other hand, since columns are primarily designed for stiffness (buckling), the answer to the first question is important
In this context, the use of the term size effect is similar to the term scale effect. On the other hand, one may wish to find the conditions under which the behavioral response of a small size beam and a large size beam are similar. In this case, the interest is to find the similarity conditions or scaling laws in order to achieve similarity in response. In this context, the primary interest is to be able to test a small scale model, obtain response characteristics (displacements, buckling loads, vibration frequencies, etc.) and use the scaling laws to predict the behavior of the large prototype. From the conclusions, of virtually all presenters at the workshop 3! who dealt with size effects, one can say that the size effect on stiffness is almost nonexistent.33"u'3s Similarly, the size effect on strength has created some controversy. Jackson33 concludes that there is considerable size effect on strength. Grimes _ contends that for solid laminates, the largest size effect on static strength is less than 4.5% Furthermore, he states that the cause of scale effects is not size but other factors such as poor quality tooling, differences in environmental exposure, etc. A similar conclusion was reached by O'Brien 3_who claims that the effect of scaling is not because of size, but because different damage sequence occurs in two different sizes. In a private commum_on byL.B.
Greszczuk _ of McDonnell Douglas Space Systems Co., he stated, quote "If the small and big parts are made by the same process, there is not size effect neither on stiffness nor on mength." He further explained that the tests performed at his company on specimens with twelve to one ratio in thickness 0ammates), reveal that the effect on stiffness is nonexistent, while the effect on strength is less than 4%. The _ used were carefully manufactured by the same process and they had the same filament volume fraction and porosity. In view of the above, the authors embarked into a research program on structural similitude based on the following premises: (a) both model and prototype are governed by the same field equations (equilibrium, kinematic relations and constitutive equations, subject to boundary conditions), (b) the only set of equations that may be affected by size are the constitutive relations. It has already been concluded though that stiffness is not affected by size and therefore one is safe to use the same constitutive relations for model and prototype up to but not in the vicimty of strength limits, (c) damage accumulation for both model and prototype is minimal. On this basis one can use similitude theory and obtain the similarity conditions.
Theor_ of Similitude
Similitude theory is concerned with establishing necessary and sufficient conditions of similarity between two phenomena. Establishing similarity between systems helps to predict the behavior of a system from the results of investigating other systems which have already been investigated or can be investigated more easily than the original system. Similitude among systems means similarity in behavior in some specific aspects. In other words, knowing how a given system responds to a specific input, the response of all similar systems to similar input can be predicted.
The behaviorof a physicalsystem depends on many parameters,i.e.geometry, materialbehavior, dynamic response and energy characteristics of the system.
The nature of any system can be modeled mathematically in terms of its variables and parameters.
A prototype and its scale model are two different systems with similar but not necessarily identical parameters. The necessary and sufficient conditions of similitude between prototype and its scale model require that the mathematical model of the scale model can be transformed to that of the prototype by a biunique mapping or vice versa (Szucs_2). It means, ff vectors Xp and X, are the characteristic vectors of the prototype and model, then we can find a transformation matrix A such that:
The elements of vector X are all the parameters and 
where L_ = xc/xn denotes the scale factor of xi. In general the transformation matrix is not diagonal.
In establishing similarity conditionsbetween the model and prototypetwo procedurescan be used, dimensional analysis and direct use of governing equations.
The similarity conditions can be established either directly from thefield equationsof thesystem or, if it is a new phenomenon and the mathematical model of the system is not available, through dimensional analysis.
In the second case, all of the variables and parameters, which affect the behavior of the system, must be known.
By using dimensional analysis, an If the field equations of the scale model and its prototype are invariant under transformation A and A j, then the two systems are completely similar.
This transformation defines the scaling laws (similarity conditions) among all parameters, structural geometry and cause and response of the two systems.
Examples of the direct use of governing equations is offered below.
Bending of Laminated Beam-Plates
Consider a laminated beamplate of length a and width b and simply supported at both ends. We desire to find the maximum deflection of this
beamplate.
The beamplate is subjected to a transverse line load. By assuming that the displacement functions are independent of y, or u--u(x), v-=0, w=w(x) (cylindrical bending), from Ashton and Whitney 4_, the governing differential equations and boundary conditions are reduced to: 
Equation (1) can be written as:
d4w (A11D11 -B I) dx--T = qA11 (8)
By applying similitude theory, the resulting similarity conditions are:
= _2
Similarly from Eqs. (5), (6) and (7) we have:
_.BII_.U_.X =_.w2LDll ,
The condition depicted by Eq. (13) can be obtained by combining Eqs. (I0) and (12). So, Eqs. (10) through (12) denote the necessary conditions for complete similarity between the scale model and its prototype, as far as deflectional response is eoncemed.
Note that the similarity conditions, Eqs. (10)-(12) are three, while the number of geometric and material parameters, cause parameter (load) and response parameters (u and w) is much larger than three. This means that there is freedom in designing models for a given prototype. In addition, if, in projecting the data of the model to predict the behavior of the prototype, all three scaling laws are used, then we have complete similarity.
If only one (or two) scaling laws are used, then we have partial similarity. In designing the model, we assume that it is made of the same material as the prototype and that ).q=3_,. By employing only the similarity condition of Eq. (11) (partial similarity), the results are plotted on Fig. 1 ---_=xD22 -xb (17) which yield the following scaling laws:
x 4 E22 h3 small scale and easily testable models to predict the behavior of large prototypes through the use of scaling laws. These laws are based on the premise that both model and prototype are governed by the same field 11. equations and that the systems behave in a linearly elastic manner and they are frec of damage (dclamin_ons, fiber breaks, matrix microcracking, 12. etc.). This last premise guaranteesthat no sizeeffects are presenL
